The concentrations of hydroxyl groups located inside and on the surface oxide films of a commercially pure titanium, cp-Ti, a type 316L austenitic stainless steel, SS, and a cobalt-chromium-molybdenum alloy, Co-Cr-Mo, were evaluated using X-ray photoelectron spectroscopy, XPS, and a zinc-complex substitution technique. As a result, the concentrations of the hydroxyl groups detected by the zinc-complex substitution technique, defined as active hydroxyl groups, were much larger than those detected by other conventional techniques. The concentration of the active hydroxyl groups on Co-Cr-Mo was significantly larger than those on cp-Ti and SS. Poly(ethylene glycol), PEG, is a biofunctional molecule that inhibits the adsorption of proteins. The immobilization of PEG to metal surfaces by electrodeposition or immersion is an important technique to biofunctionalize the metals. The amounts of the PEG layer immobilized on the metals were governed by the concentrations of the active hydroxyl groups on each surface oxide in the case of electrodeposition; it was governed by the relative permittivity of the surface oxide in the case of immersion. The estimation of active hydroxyl groups on the surface oxide film with the zinc-complex substitution technique is useful for the elucidation of reactions between metal substrates and immobilized molecules.
Introduction
When a metal is implanted into the human body, initial interactions occur between its surface and the biological environment. Therefore, the immediate reaction at this initial stage determines and defines tissue compatibility of metals. Conventional metals are covered by their native oxide films, which play an important role not only in corrosion resistance but also in compatibility. The surface oxide films are usually covered by hydroxyl groups and the mechanism underlying the hydroxylation of metal oxide has been investigated. 1) The electric charge on the surface oxide film is another important factor governing tissue compatibility. The number of electric-charged sites on the surface corresponds to the number of hydroxyl groups that dissociate and form electric charges in aqueous solutions. These electric charges influence the adsorption manner of proteins, amino acids, and organic acids contained in body fluids. These adsorptions are followed by the adhesion of cells. Furthermore, the hydroxyl groups on the surface oxide film are relevant to interactions of the surface with ions, such as calcium and phosphate, 2) as well as in respect to interactions of the surface with proteins, amino acids, and peptides, which generally contain domains of different electric charges. 3, 4) These initial reactions govern the resultant tissue compatibility of the metals. 5) In other words, the hydroxyl groups on the surface oxide film influence the tissue compatibility of the metals.
These properties of the hydroxyl groups on the surface oxide film are not only relevant to its biocompatibility but may also influence the outcome of surface modification processes. Surface modification is the process whereby the surface properties change, leaving the bulk mechanical properties intact. In some surface modification techniques of the metals, the hydroxyl groups play an important role because they are the initiation sites for chemical reactions in the surface modification process.
The film on Ti consists of amorphous or low-crystalline and non-stoichiometric TiO 2 containing hydroxyl groups, and hydrate and/or adsorbed water. 6, 7) The surface oxide film of Ti polished in water contains not only Ti 4þ but also Ti 3þ and Ti 2þ ; 8) the surface oxide is not completely oxidized. In austenitic 316L stainless steel, the surface oxide film consists of Fe and Cr containing a small amount of Mo. 9) According to another study, the surface oxide film on 316L steel after polishing consists of an oxide species of Fe, Cr, Ni, Mo, and Mn.
10) The surface oxide film on a Co-Cr-Mo alloy consists of an oxide species of Co, Cr, and Mo.
11) These surface oxide films contain a certain amount of hydroxyl groups. However, it is impossible to distinguish the active hydroxyl groups on the surface oxide film from those inside the surface oxide film as hydroxide with XPS alone. This means that the relationship between the concentrations of the hydroxyl groups on the surface oxide film and those inside the surface oxide film remains unclear. Another question is whether or not the concentrations of the hydroxyl groups on the surface oxide film are relevant to those of the hydroxyl groups inside the surface oxide film detected by XPS. The term ''active hydroxyl groups'' in this paper is defined as ''hydroxyl groups located on the surface oxide film that easily react with some metal ions and form a metal complex,'' while the term ''hydroxyl groups'' usually refers to overall hydroxyl groups including inactive hydroxide inside the oxide film.
On the other hand, previous studies reported that poly-(ethylene glycol) terminated with amines at both terminals, NH 2 -PEG-NH 2 , immobilized onto titanium oxide offered several biofunctions, such as the inhibition of protein adsorption and platelet adhesion.
12) The manner of NH 2 -PEG-NH 2 immobilization was characterized by XPS and glow-discharge optical emission spectroscopy. 13) In the first layer of NH 2 -PEG-NH 2 immobilized with electrodeposition, more terminated amines exist at the interface between the NH 2 -PEG-NH 2 layer and titanium oxide and combine with titanium oxide as an NHO ionic bond formed between NH 3 þ and OH À , while more amines randomly exist as NH 3 þ in the NH 2 -PEG-NH 2 layer immobilized by immersion. These immobilization manners suggest that the immobilization of NH 2 -PEG-NH 2 is directly relevant to the active hydroxyl groups on the surface oxide film of titanium. However, the relationship between the concentrations of the active hydroxyl groups on the metals and the amount of immobilized NH 2 -PEG-NH 2 is unclear.
In this study, we compared the concentrations of the active hydroxyl groups located on titanium, an austenitic stainless steel, and Co-Cr-Mo alloy with those of the hydroxyl groups inside the surface oxide films. They were evaluated using XPS and a zinc-complex substitution technique. This study will enhance the understanding of the relationship between the active hydroxyl groups on these materials and the hydroxyl groups inside them. Another purpose of this study was to determine the predominant factors governing the immobilization of NH 2 -PEG-NH 2 by electrodeposition or immersion.
Materials and Methods

Specimen preparation
The materials employed in this study were a commercially pure Ti with grade 2, cp-Ti, (Rare Metallic Co., Ltd., Japan), a type 316L austenitic stainless steel, SS, (Daido Steel Co., Ltd., Japan), and Co-Cr-Mo alloy, Co-Cr-Mo, (Daido Steel Co., Ltd., Japan). The chemical compositions of these materials are summarized in Tables 1-3 . The Co-CrMo was originally manufactured on the basis of a Co-28Cr-6Mo alloy (ISO 5832-4:1996) . Rods of these materials were cut into disks with 8 mm in diameter and 2 mm in thickness. These disks were mirror-polished with SiC paper, 9 mmdiamond suspension, and 0.04 mm-colloidal silica suspension. The disks were cleaned from macroscopic contamination by ultrasonication in acetone for 0.9 ks, dried with a stream of nitrogen, and stored in a desiccator until the experiment. 14) In order to estimate the photoelectron peak intensities, the background was subtracted from the measured spectrum according to Shirley's method. 15 , where the take-off angle is defined as the angle between the direction of the photoelectron path to the electron spectrometer and specimen surface. The composition and thickness of the surface oxide film were simultaneously calculated from data at the take-off angles of 35 according to previous studies. 16, 17) Empirical data 18, 19) and theoretically calculated data 20) of the relative photoionization crosssections were used for the quantification. The relative photoionization cross-sections used in this study are summarized in Table 4 . [16] [17] [18] [19] [20] 
Zinc-complex substitution technique
The concentrations of active hydroxyl groups existing on metals were determined by the following methods. 21) An ammonium chloride solution (4.0 mol L À1 and 50 mL) was mixed with a zinc chloride (0.4 mol L À1 and 25 mL) solution, and the pH of the mixture was adjusted to 6.9 with 30% ammonium hydroxide. The volume of the mixture was adjusted to 100 mL with deionized water. Specimens were immersed in 30 mL of the resultant solution at ambient temperature for 0.3 ks. During immersion, one zinc complex 
(a) and (b)).
The specimens were then immersed in 30 mL of deionized water twice to remove chemical species without adsorption and dried in a desiccator for 3.6 ks. After drying, the specimens were characterized using XPS to verify the zinc complex formed on the specimens. The specimens were then immersed in 40 mL of 2.5 mol L À1 nitric acid for 0.6 ks to release zinc ions into the nitric acid solution (Figs. 1(c) and (d)). The volume of the solution containing zinc ions was adjusted to 50 ml with nitric acid. The concentration of zinc ions, C Zn , in the nitric acid solution was determined using an inductively coupled plasma atomic emission spectrometer (ICP-AES: PS-3000UV, Leeman Labs, Inc., Lowell, MA). The concentration of the zinc ions per unit surface area of each metal, N Zn , was calculated according the following equation:
where V is the volume of nitric acid (50 mL), N A is the Avogadro number (6:02 Â 10 23 ), S is the surface area of the specimen, and M Zn is the molecular weight of zinc (62.75). N Zn is proportional to the concentrations of active hydroxyl radicals on the surface oxide film. In other words, twice N Zn equals the number of active hydroxyl groups, C active-OH . The method is described in detail elsewhere. 21, 22) Each C active-OH values of SS and Co-Cr-Mo were normalized by that of cp-Ti, assuming that the surface roughness and reactivity of zinc ions are almost the same for each metal.
Immobilization of PEG terminated with amine
Both terminals of PEG were terminated with amines, NH 2 -PEG-NH 2 , (PEG1000 Diamine, NOF Corporation, Japan) as shown in Fig. 2 . NH 2 -PEG-NH 2 was dissolved in 0.3-mol L À1 NaCl solution at the concentrations of 2 mass%. In the solution, the -NH 2 terminals are pertially dissociated and positively charged as -NH 3 þ . The pH of the NH 2 -PEG-NH 2 solution was 11. The resultant solution was used as an electrolyte for electrodeposition at 310 K. Specimens were fixed in a polytetrafluoroethylene holder that was insulated from the electrolyte in the exception of an open window (28.3 mm 2 ). The open circuit potential of specimens, OCP, against a saturated calomel electrode, SCE, before electrodeposition was measured. Thereafter, the cathodic potential was appplied from OCP with a constant sweep rate of À0:1 V s À1 and maintained at to À5:0 V SCE for 0.3 ks. During cathodic polarization, NH 2 -PEG-NH 2 migrated to the cathode (specimen), where it was immobilized. In addition, the solution without NaCl was used for immobilization by immersion. Specimens were immersed in the solution for 24 h. After electrodeposition and immersion, each specimen was rinsed in deionized water and dried with a stream of nitrogen (99.9%).
Thickness of the PEG layer
The thicknesses of the NH 2 -PEG-NH 2 layer immobilized to the metals after electrodeposition or immersion were determined with an ellipsometer (DVA-36Ls, Mizojiri Optical Co., Ltd., Japan) in air. The light source was a HeNe laser with a wavelength of 632.8 nm, and the incident angle to the surface of the specimen was 70
. The thickness was calculated using a refraction index, n, and an extinction coefficient, k, obtained from another metal surface without PEG layer: the n and k of cp-Ti were 2.39 and 3.07, those of SS were 2.49 and 4.19, and those of Co-Cr-Mo were 1.73 and 3.84, respectively.
Statistical analysis
A statistical comparison was made using the one-way factorial ANOVA including the interaction effect (two-tailed and p 0:05) and post-hoc Tukey multiple comparison testing.
Results and Discussion
Hydroxyl groups detected with XPS
C was detected on all specimens before electrodeposition. From the C 1s spectra, it was concluded that none of the specimens contained carbonate because no peak was detected at an energy region of 289-290 eV, where carbonate should give a C 1s peak. 23 ) Therefore, C detected by XPS can be ascribed to so-called contaminant carbon. Apart from C, only Ti and O were detected from cp-Ti; Fe, Cr, Ni, Mo, Mn, and O were detected from SS; Co, Cr, Mo, and O were detected from Co-Cr-Mo. In addition to their oxide-state peaks, the metal-state peak of Ti 2p from cp-Ti, those of Fe 2p, Cr 2p, Ni 2p, Mo 3d, and Mn 2p from SS, and those of Co 2p, Cr 2p, and Mo 3d from Co-Cr-Mo derived from the substrates, were also detected. Therefore, the thicknesses of oxide layers of all specimens were smaller than the limit of detection depth of XPS. In other words, whole hydroxyl groups on and inside the surface oxide film were detected. The XPS spectrum of the O 1s electron binding energy region consists of at least three peaks originating from oxide, O 2À , hydroxyl groups, OH À , and hydrate and/or adsorbed water, H 2 O, as shown in Fig. 3 Fig. 4 . In the average effective escape depth of photoelectrons for angleresolved XPS measurements, is the average mean free path of O 1s photoelectrons, and the effective escape depth is estimated as times sin (take-off-angle).
] ratio of cp-Ti was much smaller than those of SS and Co-CrMo; the ratio was the largest in this order: Co-Cr-Mo, SS, and cp-Ti. This order in the outer layer is the same as that in the inner layer as shown in Fig. 4 . In addition, it can clearly be seen that the hydroxyl groups are distributed in the outer layer rather than in the inner layer in the surface oxide film because the ratio decreases with the increase in the effective escape depth of photoelectron, i.e., with the depth of the oxide film. The concentration gradient in Co-Cr-Mo can be described as an enrichment of the hydroxyl groups in the outer layer. Table 5 represents the compositions of the surface oxide film in cp-Ti, SS, and Co-Cr-Mo measured at a take-off angle of 35 . 24, 25) The compositions shown in Table 5 were calculated without C, because the detected C was originated from so-called contaminant C. The hydroxyl groups in CoCr-Mo accounted for one half the composition of the surface oxide film. The table also contains the thickness of the surface oxide films. The thin surface oxide layer of Co-CrMo emphasizes the enrichment of the hydroxyl groups in the outer layer. However, it is still unclear whether or not the concentrations of the hydroxyl groups detected under an ultrahigh vacuum influenced in the chemical reaction in solution environment.
Active hydroxyl groups determined with the zinccomplex substitution technique
The XPS spectrum of Zn 2p 3=2 shown in Fig. 5 is deconvoluted to two peaks: one peak is a predominant peak at a binding energy of about 1022 eV originating form ZnO formed between Zn 2þ and O À ; the other peak is originating from Zn(OH) 2 and/or ZnCl 2 at 1023 eV (the peak is usually shifted to a higher binding energy by bonding with hydroxyl groups or chlorine. 26) Therefore, zinc combined with oxygen and chlorine; the existence of zinc complexes with hydroxyl groups and chloride were confirmed with XPS. in a surface oxide film on metals plotted against the average effective escape depth of photoelectrons for angle-resolved XPS measurements. Lambda, , is the average escape depth of O 1s photoelectrons, and the effective escape depth is the escape depth times sin (take-off angle). represents the normalized concentrations of active hydroxyl groups per unit area on the surface oxide film determined by the zinc-complex substitution technique. The C active-OH on cp-Ti was 285 nm À2 and this value was much larger than those (4.9-12.5 nm À2 ) of deuterium exchange and crystallographic analysis 27, 28) for the following reasons. It is possible that a zinc-complex multilayer network was formed onto the first zinc complex layer and the concentration of the zinc ion throughout the network was also detected by this technique. This multilayer will be formed by physical adsorption using chloride ions included in the zinc complex. As a result, C active-OH may be overestimated. However, the concentrations of zinc ions, including the zinc-complex network, are dependent on the concentrations of zinc ions in the first layer, i.e., the concentration of the active hydroxyl groups on the surface oxide film. Another reason is the activation of the hydroxyl groups inside the surface oxide film. The hydroxyl groups inside the surface oxide film are consistently exchanged with those on the surface oxide film by the redox reaction in a solution. For this reason, the hydroxyl groups inside the surface oxide groups may be detected using this technique. However, C active-OH will hardly change under electrodeposition. In addition, a nanometer-scale surface roughness might contribute to the overestimation of the hydroxyl groups. In any case, this technique is suitable for relative evaluation rather than absolute one. Therefore, C active-OH was normalized by that of cp-Ti.
The C active-OH in Co-Cr-Mo were significantly larger than those in cp-Ti and SS (p 0:05), but no significant difference was observed between cp-Ti and SS, as shown in Fig. 6 . Surface hydroxyl groups easily form on the surface oxide film by the adsorption of water molecules. 29) This order was different from that in the results by XPS (Fig. 4) . However, the concentrations of the hydroxyl groups on and inside the Co-Cr-Mo oxide film were the largest in both techniques. These results represent the activity of Co-Cr-Mo to form the hydroxyl groups on and inside the surface oxide film. The activity of Co-Cr-Mo is much larger than that of cp-Ti and SS. As a result, the surface of Co-Cr-Mo formed more hydroxyl groups than those of cp-Ti and SS.
The active hydroxyl groups located on the surface oxide film and the hydroxyl groups inside the surface oxide film are dependent on each other and easily interchangeable according to the redox reactions. Therefore, it is impossible to distinguish precisely between the two hydroxyl groups, while a rough distinction, such as the one made in this study, is useful for the estimation of the active hydroxyl groups located on the surface oxide film. The concentrations of the active hydroxyl groups determined by the chemical reaction in a solution were much larger than those detected under an ultrahigh vacuum. In addition, the active hydroxyl groups will be useful to evaluate the interfacial reaction in a solution rather than the hydroxyl groups inside the surface oxide film.
Predominant factors influencing the immobilization
of PEG The thicknesses of the NH 2 -PEG-NH 2 layer immobilized with electrodeposition were the largest in Co-Cr-Mo, as shown Fig. 7 . This relationship corresponds to that of the active hydroxyl groups on the surface oxide film. These results indicated that the active hydroxyl groups played an important role in immobilization by electrodeposition of NH 2 -PEG-NH 2 , while they did not in that by immersion. In case of immersion, the thickness of PEG on the SS oxide film was significantly larger than those on cp-Ti and Co-CrMo in Fig. 7 .
A point of zero charge (pzc) is generally believed to be relevant to the chemical and biological behavior of oxides or oxide-covered metal surfaces in contact with water or body fluids. The pzc of each material might affect the thickness of the NH 2 -PEG-NH 2 layer in immobilization by immersion. The pzc values are obtained from weighted average values calculated with both the pzc of metal oxides shown in Table 6 30,31) and compositions of each surface oxide film determined using XPS (Table 5 ). The pzc values are listed in Table 7 . The surfaces of cp-Ti and SS are negatively charged because the pzc values in cp-Ti and SS are much smaller than the pH of the NH 2 -PEG-NH 2 solution, i.e., pH 11. On the other hand, the pzc in Co-Cr-Mo is close to the pH of the NH 2 -PEG-NH 2 solution. Therefore, there are few negatively charged sites on Co-Cr-Mo, and the reactivity between the electric-charged sites and the amine of NH 2 -PEG-NH 2 in CoCr-Mo was smaller than those in cp-Ti and SS. As a result, the thickness of the NH 2 -PEG-NH 2 layer in SS was greater than that in Co-Cr-Mo. However, the relationship between cp-Ti and SS still remains to be explained. The electrostatic force of surface oxide on metals also might influence the adsorption of NH 2 -PEG-NH 2 during immersion. Electrostatic force plays an important role for the adsorption manner of proteins to metal surfaces.
32) The electrostatic force is inversely proportional to the relative permittivity of the surface oxide covering each metal. Table 9 listed calculated values as weighted averages using both the relative permittivity of oxides (Table 8) 33) and compositions of each surface oxide film determined using XPS (Table 5 ). The relative permittivity was the smallest in this order: SS, Co-Cr-Mo, and cp-Ti, as shown in Table 9 . The lower relative permittivity of a material is, the larger electrostatic force of a material to attract charged species being. In other words, a decrease in the thickness of PEG layer can be associated with an increase in the relative permittivity. As a result, the thicknesses of PEG layer immobilized on each specimens by immersion is inversely proportional to the relative permittivity of each oxide film (the correlation factor, R 2 , is 0.91), as shown in Fig. 8 . The order of the thickness of PEG immobilized by immersion was the largest in this order: SS, Co-Cr-Mo, and cp-Ti, which corresponded to that of the electrostatic force, i.e., the reverse sequence of the relative permittivity. Therefore, the relative permittivity of surface oxides on the metals played an important role in immobilization by immersion.
The ratio of the reaction between the active hydroxyl groups on the surface oxide film and amines in NH 2 -PEG-NH 2 is higher in electrodeposition than in immersion because the large external potential was applied. Therefore, the magnitude correlation of active hydroxyl groups corresponded to that of the thicknesses of the NH 2 -PEG-NH 2 layer immobilized by electrodeposition. Subsequently, the thickness in 300-s electrodeposition was larger than that in 2-h immersion (previous study), and electrodeposition was more effective than immersion for the immobilization of PEG. 12) 
Conclusions
The concentrations of the hydroxyl groups located on and inside the surface oxide films of cp-Ti, SS, and Co-Cr-Mo were evaluated using XPS and the zinc-complex substitution technique. The concentrations of hydroxyl groups detected with the zinc-complex substitution technique were much larger than those calculated by other conventional techniques. The concentrations of the hydroxyl groups in Co-CrMo were the largest in both techniques. Therefore, the surface activity of Co-Cr-Mo is possibly much larger than those of cp-Ti and SS. This estimation of the active hydroxyl groups on the surface oxide film with the zinc-complex substitution technique was useful for the reaction between the metal oxide and PEG. As a result, the relative permittivity of surface oxides was a predominant factor for the immobilization of PEG by immersion, while the concentrations of the active hydroxyl groups were the predominant factor in the immobilization by electrodeposition. Table 7 Point of zero charge of a commercially pure titanium, cp-Ti, a 316L stainless steel, SS, and a Co-Cr-Mo alloy, Co-Cr-Mo, calculated from XPS data in Table 5 .
Metal
Point of zero charge cp-Ti 5.1 SS 5.8
Co-Cr-Mo 9.0 Table 9 Relative permittivity of surface oxide films in a commercially pure titanium, cp-Ti, a 316L stainless steel, SS, and a cobalt-chromiummolybdenum alloy, Co-Cr-Mo.
Relative permittivity cp-Ti 86.0 SS 5.9
Co-Cr-Mo 13.1 Table 8 Relative permittivity of oxides in a commercially pure titanium, cp-Ti, a 316L stainless steel, SS, and a cobalt-chromium-molybdenum alloy, Co-Cr-Mo.
Oxide (in each metal) Relative permittivity TiO 2 (cp-Ti) 86.0 Fig. 8 Relationship between the relative permittivity and the thickness of the NH 2 -PEG-NH 2 layer in a commercially pure titanium, cp-Ti, a 316L stainless steel, SS, and a cobalt-chromium-molybdenum alloy, Co-Cr-Mo.
